Purpose: When ictal EEG is discordant with MRI and other presurgical data, our group has sometimes discounted the ictal findings and proceeded with epilepsy surgical resection based on MRI. We aimed to evaluate the prudence of such practice by comparing the outcome of MRI-lesional epilepsy surgery patients with discordant ictal EEG with those with concordant ictal EEG. Method: We retrospectively studied 115 children with epilepsy who underwent surgical resection of an MRI lesion that was corroborated as the epileptogenic focus by other presurgical findings. Ictal findings on video-EEG were categorized as: "positive ictal EEG" if the ictal onset localization was concordant with MRI and other presurgical data; "negative ictal EEG" if the ictus was discordant with them. Seizure-free outcome at 2 years was compared between the "positive" and the "negative" ictal EEG groups. Results: Seizure-free outcome did not differ between children with positive ictal EEG (73%) and those with negative ictal EEG (80%). Positive ictal EEG did not result in better outcome regardless of the location of the surgery or the pathology of the lesion. Ictal EEG with 73% positive predictive value provided no added benefit in this cohort whose seizure-free outcome was of 77% irrespective of ictal EEG findings. Conclusions: In our selected cohort of pediatric epilepsy surgery patients with an epileptogenic lesion on MRI and concordant other data, ictal EEG had limited predictive value. This calls into question the additive role of ictal recordings in patients with an MRI lesion and concordant other presurgical data.
Introduction
A common conception is to include a recording of the habitual seizure in the standard presurgical evaluation. This is typically in addition to a detailed clinical history with a particular focus on the seizure semiology, interictal electroencephalography (EEG), magnetic resonance imaging (MRI), and sometimes, nuclear and functional imaging such as positive emission tomography (PET), single-photon emission computed tomography (SPECT), and magnetic source imaging with magnetoencephalography (MEG/ MSI) [1, 2] . The hope is that by recording the ictus, one might be able to more accurately localize its source, or at least confirm the suspected lobe of origin. Ictal recordings, however, do not always reveal the epileptogenic focus. Depending on the etiology of epilepsy, members of the Pediatric Epilepsy Surgery Task Force of the International League Against Epilepsy (ILAE) considered ictal EEG with video mostly mandatory or highly recommended, but sometimes optional, of little use, or unwarranted [2] .
Most surgically remediable pediatric epilepsies are due to lesions like cortical malformations, tumors, gliosis, and abnormal vasculature, which are structurally or histologically distinct, and thus, are potentially discernible by imaging technology with sufficient spatial resolution. Indeed, advances in modern imaging technology such as 3-Tesla MRI and PET-MRI co-registration have allowed better visualization of the epileptogenic region [3] [4] [5] . As imaging improved, we evolved a practice where MRI abnormalities became paramount. When the MRI lesion was congruent with interictal EEG and seizure semiology, resecting the lesion seemed to produce good seizure outcome [3] . Meanwhile, localizing the EEG ictal onset sometimes seemed unreliable due to rapid electrical propagation, obscuration by artifacts, or the possibility of a deeply seated focus [6] . As such, we sometimes found ourselves discounting the significance of ictal recordings that were not congruent with MRI, interictal EEG, and seizure semiology. We wondered whether this was prudent and sought to determine if the outcome of patients with discordant ictal EEG findings was different from those who had concordant findings.
Abbreviations: EEG, electroencephalography; MRI, magnetic resonance imaging; PET, positive emission tomography; SPECT, single photon emission computed tomography; MEG/MSI, magnetic source imaging with magnetoencephalography; ILAE, International League Against Epilepsy; FCD, focal cortical dysplasia.
Material and methods
We retrospectively reviewed 137 consecutive patients who underwent single-stage resective surgical procedures for the treatment of epilepsy at our institution from November 2002 to July 2013 and also had at least two years of follow up. This study was approved by the institutional review board of Ann and Robert H. Lurie Children's Hospital of Chicago and the data analyses were performed without patient identifiers. We did not include patients who underwent two-stage resections with invasive grid monitoring since two-stage resection at our institution are primarily for patients whose MRI is normal or has diffuse or multiple lesions. Of 137 patients reviewed, we excluded: (1) fifteen patients who either did not have video-EEG prior to surgery or the video-EEG was not available for review; (2) three patients whose MRI did not reveal the epileptic focus; and (3) four patients whose seizure semiology, neurologic exam, or other functional studies were discordant with the MRI. A total of 115 patients were included in the study. All included patients had standard presurgical evaluation including detailed history and physical examination, video-EEG monitoring, and an epilepsy-protocol MRI (ranging from 1.5T to 3.0 T). Ancillary tests like PET, SPECT or MEG/MSI were done when the MRI lesion was unclear or when there were discordant data that questioned the MRI lesion as the epileptic focus. PET was done in 48 patients, SPECT in 25 patients, and MEG/MSI in eight patients. All patients underwent a single-stage resection of the MRI lesion that was corroborated to be the origin of the seizures by interictal EEG, seizure semiology, neurologic exam, and other ancillary data.
The cohort was divided in to 2 groups: (1) "positive ictal EEG" group whose ictal onset on EEG was congruent with the resected MRI lesion, and (2) "negative ictal EEG" group whose ictal onset was uninformative or incongruent because the ictus was not captured, ictal onset location was much larger than the MRI lesion ( Fig. 1) , or ictal onset location was disparate from the MRI lesion (Fig. 2) . In all cases where the ictal EEG was uninformative or incongruent, the ictal data was disregarded and resection was done based on MRI and other congruent data. We compared the twoyear seizure-free outcomes of the two groups and calculated the positive and negative predictive values of ictal EEG recordings for seizure-free outcome at two years.
For the purpose of this study we categorized the location of resection as either frontal, temporal, parietal, occipital, multi-lobe, or hemisphere. These same location designations were used in the assignment of findings for the presurgical studies. Video-EEG monitoring was performed using XLtek LTM System (Natus Medical Inc., Pleasanton, CA, USA) with electrodes placed using the international 10-20 system, a sampling rate of 200 Hz, and a band pass width of 0.5 Hz-70 Hz. Video-EEG findings were assessed by two independent epileptologists who reviewed either the video-EEG reports or the actual tracings when the report was ambiguous or not available. The reviewers were blinded to imaging or other preoperative data.Data extracted from the video-EEG were; (1) interictal location and (2) ictal onset location. Interictal location was determined as the region that contained the preponderance of interictal epileptiform discharges and/or interictal focal slowing or attenuation. Ictal onset location was determined by the electrodes that first showed the ictal activity correlating with the clinical seizure. The locations of interictal abnormalities and ictal onset were affirmed when: (1) the two independent reviewers agreed, or (2) the reviewers met to arrive at consensus if they disagreed.
The resected lesions were confirmed by histopathological findings and were categorized into one of three categories: (1) tumors, (2) cortical malformations including focal cortical dysplasia (FCD), hemimegalencephaly and porencephaly (3) others. Other pathologies included cavernous malformation, hippocampal sclerosis and encephalomalacia. Dual pathology with FCD and hippocampal sclerosis was categorized as others.
The association between each group and subgroups of patients and seizure outcome was statistically analyzed using the chisquare tests and the Fisher's exact test. Difference was considered significant when the p-value was below 0.05. 
Results
Among 115 epilepsy surgery patients, 94 underwent focal resection and 21 underwent hemispherectomy. Focal resections were performed in the frontal region in 27 patients, temporal region in 47 patients, parietal or occipital region in 11 patients, and multilobar region in 9. Thirty-four had tumors, 64 had cortical malformations, and 17 had other pathologies. Fifty-seven patients were girls. The mean age of epilepsy onset was 4.9 AE 4.0, and the mean duration of epilepsy prior to surgery was 4.26 AE 4.54. The mean number of anticonvulsant medications at the time of surgery was 2.0 AE 1.05. Sixty patients were having daily seizures at surgery. Intraoperative electrocorticography was done in 108 patients to further delineate the resection margins. For 10 patients, the surgery was their second due to failure of the first surgery to adequately control the seizures. Overall 88 patients (76.5%) were seizure-free at 2 years follow up. Nine patients had surgical complications, including CSF leakage, infection, intracranial bleeding, pneumonia and temporary neurologic deficits resolving within 3 months.
All 115 patients underwent one-stage resection of the MRI lesion that was corroborated to be the epileptogenic foci with interictal EEG, seizure history, neurologic exam, and other ancillary data. The EEG showed interictal abnormalities that were concordant with the MRI lesion in 76 patients (67%). Seizure semiology was consistent with the location of the MRI lesion in 84 patients (73%). Neurologic exam showed focal deficit consistent with the MRI lesion in 23 (20%). Other findings that were concordant with the MRI lesion included PET hypometabolic focus in 39 of 48 (81%), subtraction SPECT signal in 12 of 25 (48%), and MEG/MSI spike focus in 6 of 8 (75%).
Among 115 patients, 51 patients had "positive ictal EEG" where the ictal onset on video-EEG was congruent with the resected MRI lesion, and 64 had "negative ictal EEG" where the ictal onset was uninformative or incongruent. Within the "negative ictal EEG" group, 28 had no seizures recorded, 31 had ictal onset that was diffuse or much larger than the MRI lesion, and 5 had ictal onset whose location was different from the MRI lesion (Table 1) . Table 2 shows no significant differences in the seizure-free outcome at two years between the ictal EEG groups, including the subgroups of "negative ictal EEG" group (p > 0.05). Because the correlation between preoperative ictal EEG and surgical outcome is low in hemispherectomy patients [7] , we excluded hemispherectomy patients and still found no significant difference in the seizure-free outcome (p = 0.49).
In the Positive Ictal EEG group, 37 patients were seizure-free, i.e. true positives, and 14 patients were not seizure-free, i.e. false positives. Therefore, the positive predictive value of concordant ictal EEG for seizure-free outcome was 72.5%. In the Negative Ictal EEG group, there were 13 patients who were not seizure-free ("true negative") and 51 patients who were seizure-free ("false negative"). The negative predictive value of discordant ictal EEG for persistent seizures after surgery, therefore, was 20.3%. No correlation between seizure outcome and ictal EEG findings was found even when the cohort was subdivided by location (Table 3) or by pathology (Table 4) . Tumors were located at the temporal lobe in 18 patients and at extratemporal areas in 16 patients.
Discussion
Our study demonstrates MRI's predominance by showing that among patients with an MRI lesion that is concordant with interictal EEG, exam, and semiology, the outcome did not differ whether or not the ictal EEG was congruent with the resected MRI lesion (73% versus 80%, p = 0.37). Furthermore, a concordant ictal EEG with 73% positive predictive value provided no added benefit to our cohort of lesional MRI cases whose seizure-free outcome was of 77% irrespective of the ictal EEG. And a discordant or uninformative ictal EEG with 20% negative predictive value, provided no help in "selecting out" poor surgical patients among our MRI-lesional cohorts whose surgical failure rate was 23% overall. Ictal EEG has historically been considered an important component of the standard presurgical evaluation [8] [9] [10] . However, ictal EEG may demonstrate a relatively large region of involvement at the onset of seizures, and this may portend a low likelihood of seizure freedom after the operation [11] . Ictal EEG particularly in children has been shown to be relatively imprecise and unreliable when attempting to localize the epileptogenic lesion. In a study of children, ictal recording revealed a discrete focus in approximately 40% of candidates for pediatric epilepsy surgery whereas MRI was much more informative, detecting lesions in 96% of patients [12] . Another study highlighting the localizing significance of ictal EEG reported that unhelpful information including false localization and diffuse features appeared in 31% of the patients [9] . Among our study patients who had seizures recorded, we found that 41% (36 of 87) had ictal EEG onset that was either disparate from or substantially larger than the MRI lesion. Nevertheless, 72% (26 of 36) of these patients had excellent surgical outcomes. Others have reported similar findings of good outcomes in pediatric patients with diffuse ictal patterns [12] [13] [14] . Indeed, in infants and toddlers with focal lesions on imaging such as focal cortical dysplasia, ictal recordings often show uninformative features including broadly distributed electrodecrements with epileptic spasms [1, 14] . In active epileptic encephalopathy, the interictal EEGs may be more informative compared to these more diffuse ictal discharges [13] . In our study, interictal EEG abnormalities were concordant with the resection in 66% as compared to ictal recordings that was concordant with the resection in 59%. Commensurate with the tendency for a broadly distributed ictal discharge to be particularly common in the very young [14] , there is a confluence of evidence and expert opinions suggesting MRI as the most important determinant of outcome in pediatric epilepsy surgery [2, [15] [16] [17] [18] .
Advances in neuroimaging have led to better recognition of the epileptogenic lesion even in the case of diffuse or generalized EEG features. The use of 3-T MRI scanners and phase array surface coils uncovered a lesion in 65% of patients with focal epilepsy whose 1.5 Tesla MRI had been interpreted as normal [19] . New advances in digital co-registration techniques that allow the fusion of MRI with functional imaging studies like PET and SPECT have revealed epileptogenic lesions that were not discerned by MRI alone [4] . Furthermore, a study that explored the concordance of SPECT and PET with MRI lesion have indicated that complete concordance of all three modalities result in significantly better long-term surgical outcome [20] .
For both temporal and extratemporal epilepsy, our patients who had negative ictal EEG had similar surgical outcome to the patients who had positive ictal EEG. This is consistent with Remi et al. who found that those who had concordant or discordant ictal (44) 28 (24) 31 (27) 5 (4) 64 (56) 115 *: Positive predictive value, y: Negative predictive value.
Table 3
Two-year seizure-free outcome for positive and negative ictal EEG groups stratified by location and pathology.
Frontal (%, n = 27) Temporal (%, n = 47) Parietal/occipital (%, n = 11) Multilobar (%, n = 9) Hemispherectomy (%, n = 21)
Positive ictal EEG group (%, n = 51) 6/11 (54. recordings had excellent outcomes in 92.2% versus 89.3% in temporal areas and 90.9% versus 77.8% in frontal areas [21] . In a series of 212 patients with unilateral mesial temporal sclerosis on MRI and concordant interictal EEG, 92% achieved seizure freedom without ictal recording [22] . In older literature analyzing the impact of surgical evaluation in patients undergoing temporal lobectomies, there was a failure to demonstrate any benefit of ictal recordings to outcome [23] . Ictal discharges' proclivity to propagate to other lobes or even contralateral hemisphere via an epileptic network may lead to misidentification of the epileptogenic focus [9] . This has been shown in other reports where the authors noticed quick extension to extra temporal regions or even contralateral areas in patients with lesional temporal lobe epilepsy [24, 25] .
It is important to acknowledge that ictal video recordings may be helpful beyond their localizing value. Ictal recordings can exclude psychogenic spells or other sources of paroxysmal events in patients suspected of having non-epileptic seizures [2] . They may also help to quantify the frequency and document the severity of seizures in circumstances where there is reason to believe these features may be underappreciated. Furthermore, prolonged video-EEG recordings may be helpful in supplying additional interictal data as well as other physiological information (for example, information about sleep).
The main limitation of our retrospective study was selection bias. For example, our "negative ictal EEG" group could have been biased towards better surgical candidates since we operated despite an undesirable ictal EEG result. Furthermore, a negative ictal EEG result could have selected poorer surgical candidates from receiving surgery, and thus, inclusion in this study. A prospective study is needed to further clarify the role of ictal EEG in pediatric patients with MRI lesion.
Conclusions
Our results call into question the additive role of ictal recordings in children when MRI, interictal EEG and detailed semiology are congruent. Good surgical outcomes can be achieved in many cases without concordinant ictal recordings. Video-EEG ictal recordings may still be useful in other ways including the ability to distinguish non-epileptic events and documenting the frequency and severity of the illness. A prospective randomized study aimed at determining the full additive benefits of ictal EEG in patients who have congruent imaging findings, semiology and interictal EEG data may provide additional helpful information.
